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Surface thiolation affects the size of gold nanoparticles and the presence of visible luminescence
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under UV stimulation. We explored these phenomena by analysing alkanethiolate coatings with

different carbon chain lengths, from 3-mercaptopropionic acid to 16-mercaptohexadecanoic
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acid, synthesized by intense x-ray irradiation. Photoluminescence is present for the smallest

nanoparticles, but its intensity becomes more intense as the carbon chain length increases,
achieving a 28% quantum efficiency with 16-mercaptohexadecanoic acid coating.

We recently discovered two important effects of 11-MUA
(mercaptoundecanoic acid) coatings on gold nanoparticle
(AuNPs). First, MUA coating under x-ray irradiation impedes
the growth of nanoparticles beyond a very small (1 nm) size.!
Second, a MUA-coated AuNPs luminesce with a very large
Stokes shift in the visible when subject to UV light.23 Motivated
by their potential importance for applications, we expanded our
analysis of such phenomena by studying a series of coatings in
the same family (n-alkanethiolates): 3-MPA  (3-
mercaptopropionic acid), 6-MHA (6-mercaptohexanoic acid), 8-
MOA (8-mercaptooctanoic acid) and 16-MHDA (16-
mercaptohexadecanoic acid), all produced under x-ray
irradiation. The main result is that the smallest nanoparticles are
systematically photoluminescent, but for a given set of
conditions the emission becomes more intense as the chain
length increases. Furthermore, we found that the nanoparticle
size can be tuned, for small surfactant-to-metal ratios in the
solution, by selecting a coating with appropriate carbon chain
length.

Besides their obvious fundamental interest, these findings
could be exploited for applications.*®© The intense
photoluminescence can be used to track AuNPs in biology
specimens, for example to study fluid flows or the evolution of
tumours and of the related microvasculature. And the AuNP size
control is a general problem on the way of practical utilizations.
Our approach could be an alternative to the accurate tuning of
reaction processes and parameters, or to external confinements
such as the use of templates.*1> Indeed, our coatings produced
uniform particle sizes and clean nanoparticle surfaces, free of
surfactants and reducing agents. This last characteristic is a result
of the extremely rapid and uniform reduction.

The strategy of our study was directly suggested by the first
results on 11-MUA coating. We speculated that the carbon chain
length affected dipole structures on the surface and, through
them, the photoluminescence. In other words, by changing the n-
alkanethiolate coating compound, we could change the physical
properties including luminescence while not significantly
modifying the surface chemistry. We decided to empirically
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explore this possibility and found indeed a clear link between
chain length and photoluminescence intensity.

The experiments were performed with reagent grade
chemicals: HAuUCI4+-3H20, n-alkanethiolates and sodium
hydroxide were purchased from Sigma-Aldrich. 0.5 mL of 20
mM HAuUCI4 - 3H20 were adjusted to pH ~11 with 0.1 M NaOH.
Afterward, we added the thiolates dissolved in anhydrous
ethanol with specific thiolate-to-Au ratio (R) and DI water to
reach a 10 mL volume. The solution was placed in polypropylene
conical tubes and irradiated while stirring for 60 sec by using
hard X-rays from the BLO1A beamline of the NSRRC (Taiwan
National Synchrotron Radiation Research Center), running at a
constant electron current of 300 mA. The X-ray photon energy
ranged from 8-15 keV and was centred at ~12 keV delivering a
dose rate ~4.7x10° Gy s1.16 After the irradiation, the solution
was dialyzed against periodically changed DI water to remove
ethanol and unbound thiolates.

UV-visible spectra were acquired over 200-800 nm using a
USB4000 Fiber Optic spectrometer from Ocean Optics (Dunedin,
USA) with a 1 cm path length quartz cuvette (Hellma®, Germany),
and Photoluminescence spectra were measured at room temperature
with a Cary Eclipse spectrophotometer (Varian, USA). Samples for
TEM (transmission electron microscopy) and HAADF-STEM (high-
angle annular dark field-scanning transmission electron microscopy)
were prepared by scooping solution with an ultrathin carbon-coated
copper grid held with tweezers and left to dry on a filter paper. STEM
observations were performed in a FEI Titan 80-300kV S/TEM system
operated with an accelerating voltage of 200 kV. For FTIR
measurements, the spectra of dried samples on a silicon wafer were
recorded in the spectral range 4000-1000 cm* using a Perkin-Elmer
Spectrum One instrument.

The size and distribution of the thiolate-coated were characterized
by small-angle X-ray scattering (SAXS) using Beamline 23A of
NSRRC. All of the SAXS data were obtained using an area detector
covering a ¢ range from 0.01 to 0.1 A%, and the incident angle of the
X-ray beam (0.5 mm diameter) was fixed at 0.2° with an X-ray energy
of 10 keV. Afterward, the size and distribution were analysed using
the sphere-model fitting and the Guinier’s law.17:18
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For imaging characterization, the 11-MUA- and 16-MHDA-
coated AuNP solutions were dropped, dried at room temperature on
microscope glass slides for multi-photon microscopy. The multi-
photon microscope is equipped with a 25X water lens and a tuneable
pulse laser (740-1260 nm wavelength).

Figure 1 shows UV-visible spectra of the Au NPs prepared
in the presence of three different n-alkanethiolates: 3-MPA (3-
mercaptopropionic acid), 6-MHA (6-mercaptohexanoic acid)
and 8-MOA (8-mercaptooctanoic acid). The AuUNPs were
obtained with different R-values (R = the ratio of n-
alkanethiolate concentration to metal ion concentration). The
behaviour of the surface plasmon resonance (SPR) peak is
consistent with the previous results on 11-MUA: the AuNP size
progressively decreases as the R-value increases.
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Fig. 1 UV-visible spectra of colloidal Au NCs synthesized in the present
of the (a) 3-MPA, (b) 6-MOA, and (c) 8-MUA with different R-values.

The TEM images in Fig. 2 show that the decreasing size of
the AuNPs coated with 3-MPA, 6-MHA, 8-MOA, 11-MUA and
16-MHDA at R = 0.25: 8.38+2.28, 6.65+1.39, 5.85+1.36,
5.35+1.09 and 5.24+1.26 nm. This can be explained noting that
shorter carbon-chain n-alkanethiolates have lower reactive
binding probability to gold since the decreasing carbon chain
length increases the activation barrier for the S-H bond
dissociation.!®

Figure 3 shows HAADF-STEM images of thiolate-coated
AuNPs for R = 3. The average size is ~1.3 nm for all n-
alkanethiolates. The link between AuNP size and carbon-chain
length is further illustrated in Fig. 4. The main messages are that
the chain length influences the nanoparticle size, but that this is
true only for small R-values. This is not unexpected, since for
large R-values all n-alkanethiolates result in a very fast coating.

Figure 5 (a) shows the results SAXS for AuNPs with
different n-alkanethiolates coatings at R = 3. Such results are
presented as In(l) vs g2, where | is the scattered intensity and g
is the scattering vector, and were extracted from raw SAXS
patterns (Fig. S1). From SAXS data, we extracted the
nanoparticle sizes shown in Fig. 5 (b), revealing a marked
increase as the carbon chain length increases. Dynamic light
scattering (DLS) measurements (Fig. S5) show the same trend of
increasing overall particles size as that of SAX measurements.

How can this be reconciled with the constant size given by
HAADF-STEM (Figs. 3 and 4)? Quite simply, the sizes
measured by SAXS and DLS correspond to the entire
nanosystem, metal core plus coating, whereas HAADF-STEM
only detects the core. Thus, the growing nanoparticle size
revealed by SAXS is due to the increasing thickness of the
coating as the chain length increases. Such conclusion is
confirmed by FTIR analysis (Fig. S2) showing that the coating
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methylene bands at 2,920 and 2,848 cm* become more intense
as the chain length increases; this also demonstrates the integrity
of the chain length during x-ray irradiation.

(a) 3-MPA-Au NPs; (b) 6-MHA-Au NPs; (c) 8-MOA-Au NPs; (d) 11-
MUA-AuU NPs; (e) 16-MHDA-Au NPs. Bars: 50 nm.

We now turn again our attention to photoluminescence.
Figure 6 illustrates the effect of the carbon chain length on the
photoluminescence intensity (excited by 240 nm wavelength UV
radiation) and absorbance of AuNPs. For carbon nhumbers below
eight, photoluminescence is detected but rather weak; then, its
intensity increases with the carbon number (Fig. 6 (a)). Since the
peak position has been reported to change with the particle
size,?%21 our observation of a fixed emission peak position at 618
nm is consistent with our HAADF-STEM result that reveal the
same core size for all coatings. Note that, whereas the peak
wavelength is independent of the coating, the peak intensity does
increase with the carbon number of the alkanethiolates.

Figure 6 (b) shows an absorption peak at 240 nm, particularly
prominent for the longer chain n-alkanethiolates. The analysis of

photoluminescence indicates that the optimal excitation
wavelength is also 240 nm (Fig. S3).
From absorption and photoluminescence results we

calculated the quantum yield (QY, ®i) by using a standard
phenylalanine (QY: 2.2% in water) and the following equation:??
o < Fifs g
L Egﬁ S
where Fi and Fs are the integrated emission areas of the standard
and sample spectra; fi and fs are the absorption factors for the
standard and samples that calculated by f = 1-104 (where A is
the absorbance at 240 nm wavelength). The results of Figure S4
show that we were within the linear range of the emission-to-
absorption curves, ruling out self-quenching effect.
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Fig. 3 HAADF-STEM micrographs of AuNPs synthesized in the presence
of (a) 3-MPA, (b) 6-MHA, (c) 8-MOA, (d) 11-MUA, and (e) 16-MHDA
with R = 3. The right side shows the corresponding size histograms (n>200).
Figure 7 (a) shows the increase of quantum yield as the
carbon number increases. Very high quantum ratio, ~28%, is
achieved by the 16 MHDA-AuUNPs. Thus, the chain length is
beneficial not only for the photoluminescence intensity but also
for its efficiency. The total performance of fluorophores is
normally gauged by another parameter: the molar extinction
coefficient (EC) which is defined as the absorbance/path length
of photon/sample concentration. The total emission is therefore
a product of EC and QR. Figure 7 (b) shows the results of our
measurement of EC of the AuNP with different thiolates which

This journal is © The Royal Society of Chemistry 2012
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indicated that coating with molecules of longer carbon chain
length also increases the photoluminescent performance.
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Fig. 4 The average size of the Au NPs plotted vs. the carbon
number of the coating thiolate for R = 0.25, 0.5 and 3.
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Fig. 5 (a) Plot of In(l) vs g? for SAXS analysis; (b) Plot of entire particle
size vs. the carbon number of thiolate coating.
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Fig. 6 (a) Photoluminescence and (b) UV-visible spectra of the AuNPs
coated with different types of the thiolates: 3-MPA, 6-MHA, 8-MOA, 11-
MUA, and 16-MHDA.. The R-value and Au concentration are 3 and 4 pM.

Note that all the thiolates on the surface of AuNPs can be
used as a convenient linker for bind the AuNPs with other
organic molecules and acts as labeling fluorophores. Without
making such a surface conjugation, we tested these
photoluminescent AuNPs for fluorescent confocal microscopy
applications. Figure 8 shows the result of these preliminary tests
using a multi-photon excitation laser confocal microscopy. The
16-MHDA coated AuNPs indeed show  strong
photoluminescence after being internalized by the HelLa cells
without other surface modifications. Conjugation of these
AuNPs with antibodies to perform specific labeling and the
characterization of the corresponding optical properties are
underway. Preliminary results also show that the surface
conjugation does not affect the photoluminescent properties of
the AuNPs.
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Fig. 7 (a) The quantum yield of the thiolate-coated AuNPs vs. the carbon
number of the thiolates. (b) Molar extinction coefficient of the thiolate-
coated AUNPs vs. the carbon number of the thiolates.
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Fig. 8 (Left) Multi-photon excitation microscopy images (top row) and
differential interference contrast (DIC) images (bottom row) of 16-MHDA.-
AuNP loaded HeLa cells. (Middle and Right) Larger area view of the multi-
photon excitation microscopy image. The photoluminescent AuNPs are
internalized in the cytoplasm. Bars: 50 pm.

What is the cause of the enhanced photoluminescence? This
issue is no entirely clear. We could hypothesize two possible
kinds of explanations. The first is a size effect affecting the local
guantum states and the corresponding optical transitions. The
second is a self-absorption effect: longer chain coatings cause
less absorption, allowing the photoluminescence to reach
vacuum. Based on the overall results and in particular the
enhancement associated with the increase of carbon chain length
of the alkanethiolates, we tend to favour the second explanation,
but have no sufficient evidence to rule out the first, or other
alternatives. The much longer photoluminescence lifetime, ~6.8
us for 11-MUA coated AuNPs, as reported on Au nanoclusters
at ns level, also indicates the photoluminescence of our AuNPs
is most likely due to ligand-metal charge transfer.

Whatever is the cause, one must note the high levels of
intensity and efficiency given by the longest chains: since
practical applications were already possible with 11-MUA, there
is promise of even more utilizations in the future. Furthermore,
our AuNPs have very long shelf lives (several months), during
which photoluminescence did not appreciably change (Fig. S7).
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